SUMMARY A method for measuring regional cerebral circulation time (rCCT) between the hemispheres using intravenous pertechnetate and a multidetector system is presented. Interhemlspheric differences of rCCT Instead of absolute values were selected because of the variation of pertechnetate bolus dispersion due to changes In tbe systemic circulation and injection technique Inter-and intraindividually. Time activity curves over one minute were analyzed by a modified gamma function fitting method. The results are printed as a brain map which snows reference values and abnormal findings. Abnormal rCCT asymmetry was observed hi 10 out of 77 controls (13%) and 58 out of 65 patients with cerebral infarction (89%). Within 2 weeks after a stroke shorter circulation time values on the side of the lesion than on the contralateral side were found in 5 patients. In the severe infarction cases and in the acute stages of Infarction circulatory changes could be found In a great number of areas. In patients with manifest diabetes abnormal circulatory findings occurred in larger regions and hi a greater number of the patients than hi those without that disease. Although the luxury perfusion and diaschisis phenomena, as well as the influence of cross-over of the count rates between tbe hemispheres, reduce circulatory time differences, use of the present pertechnetate method allows detection of subtle regional circulatory changes in patients with brain infarction.
INTRAVENOUSLY injected radioisotopes have been widely used for assessment of cerebral blood perfusion and circulation. 1 "* Since the quantitative circulation time measurements made by Oldendorf and Kitano 1 ' 7 in the 1960s several modifications have been presented to correct the dispersion of the injected bolus. Britton et al. 8 and Wagner et al.," for example, have used deconvolution techniques. An experimental correction formula of another type has been published by Kuikka et al." resulting in a good agreement between intra-arterial and intravenous techniques. This method is the basis of the present circulation time calculation.
Measurements of cerebral circulation time have been shown to be useful in the evaluation of different brain diseases. In cerebrovascular disease prolonged circulation time has been observed in the involved hemisphere. 1 -'• 10 Cerebral dynamic perfusion studies have helped evaluate the probabilities of regaining motor function after an ischemic cerebral infarction. 11 Circulation time measurements have also been used in selecting the optimal operation time for patients with subarachnoid hemorrhage caused by aneurysm and for postoperative followup studies in cerebral bypass surgery.
u Multidetector devices and a diffusible tracer, lu Xenon, have been widely used for measuring regional cerebral perfusion in different functional and abnormal states of the brain. 1 *" 18 Although many regional cerebral perfusion studies using a brain helmet type of multi-detector device have been made, hardly any regional circulation time measurements have been From the Departments of Clinical Chemistry and Neurology, Oulu University Central Hospital, SF-90220 Oulu 22, Finland performed using pertechnetate. Previously the detectors were placed in 2 opposite planes in multiprobe devices but recent developments show a clear tendency towards helmet-type instruments. We have developed our own multidetector device for measurement of regional cerebral circulation time (rCCT) changes in various brain disturbances. In this study quantitative interhemispheric differences of regional Technetium circulation time was examined in patients with brain infarction and in controls. We present distribution of the pathological findings in patients with infarction and the correlation of the results with clinical signs, the time elapsed since infarction, the severity of infarction and the electroencephalographic findings.
Methods
The examination was carried out on 65 patients (26 women, 39 men) with cerebral supratentorial infarctions in Oulu University Central Hospital. Patients ranged from 22 to 82 (mean 55) years of age. The control group consisted of 90 subjects (57 women, 33 men) who did not have structural brain disease and whose age ranged from 15 to 84 years (mean 40). The mean interval between stroke and examination was 2.5 months ranging from one day to 2 years except for one patient who was examined 14 years after stroke.
Infarctions were localized on the basis of clinical signs, brain scans, electroencephalograms (60) and angiography (17) . Infarctions were most common in the region of the brain supplied by the middle cerebral artery (table 1) .
Occlusion of the internal carotid artery was detected by dynamic ""Tc scintigraphy in 8 patients. raphy in 7 of these. Antihypertensive agents had been taken by 23 of the patients. TIA attacks had occurred before stroke in 13. A recurrent stroke on the same side of the brain occurred in 7 patients.
Measurement of brain circulation time was carried out using a helmet-like multi-detector device (Valmet BI 1400, RCBF analyzer). The equipment consisted of 32 Nal (Te) scintillation detectors 25.4 mm in diameter and 12.7 mm in thickness. The aperture of the straight and round collimators was 2.2 cm and the length 6.5 cm. Two of the detectors were freely movable; the remaining 30 were situated in pairs symmetrically on both sides of the head in the form of a helmet ( fig. 1 ). Thus, each detector was at right angles to the area it measured. A small computer, Nova 3, with a memory of 32 K 16-bit words, was used for the measurements and analyses of the curves. Programs and data could be stored on magnetic tape via a compact C-cassette unit. Construction of the brain helmet is shown diagrammatically in figure 2 .
During examination the patient lay supine with the head in the fixed position inside the helmet. The position of the head was standardized for each examination by requiring the patient to look directly through 2 orbital collimator tubes. These collimators also contained detectors allowing measurements of brain behind the eyeballs. The head could be supported if necessary on both sides by the movable supports ( fig.  2) . A lead cover was placed across the shoulders to reduce the background radioactivity from the body, especially from the heart and subclavian vein.
The examination was started with a rapid injection of 5 to 10 millicuries of """Technetium pertechnetate into the cubital vein flushed with 5 ml of saline. Data were collected for one minute at 0.5 second intervals The activity curves were then analyzed by the modified gamma function fitting method. 6 Beginning and end points of the fitting were manually selected by using the hair cursor of a graphic screen ( fig. 3) , the graphic terminal making it easier to choose the right part of the curve for the procedure and to check the quality of the fitting. for the percentage interhemispheric differences of the rCCT parameters (i.e. selecting the mean ± 2 SD of the control group as limits) was found to be unsuitable: its use was precluded by the high statistical probability of a false positive result appearing in one of the calculated 4 parameter values for some of the brain areas corresponding to the 30 probes. The reference values for rCCT parameters, therefore, were determined by calculating with the highest possible accuracy (the number of correct pathological findings in the group with infarction plus the correct normal findings in the controls, divided by the total number of subjects in both groups). One way to represent rCCT parameters is a computer plot over the brain areas, where pathological findings are presented with multicenter circles ( fig. 4 ).
For clinical diagnostics dynamic brain scintigraphy with 5-10 mCi Mm Tc was performed in patients with infarction one-half hour before the multidetector examination. An individual background subtraction was included in the measuring program. However, in the patients with infarction the statistical quality of the time activity curves was somewhat lower than for the control group. In the control group the brain helmet examination was carried out without earlier scintigraphic assessment in 77 subjects. In order to evaluate the influence of the pertechnetate background on the results, 13 control patients were examined after preceding dynamic scintigraphy. This did not essentially change the interhemispheric differences (calculated for transfer time): sensitivity (78 percent of the 77 control subjects and 80 percent of the 13 control subjects), specificity (subsequent values 95 percent and 85 percent) and accuracy (87 percent of the 77 control subjects and 81 percent of the 13 control subjects).
Statistical Methods
A decision matrix was used for evaluation of the test. This analysis relates results of a diagnostic test
Circulation time parameter
Transfer time (S) with a binary outcome (normal, abnormal) to pathologic findings, also with a binary outcome (disease, no disease). Statistical analyses were performed by the chi-squarc test (table 4) .
Results

Reference Values
Circulation time variations between the hemispheres were not great in controls. The reference values (the mean = 0 ± 3.2 SD) for the interhemispheric rCCT differences for the 4 calculated parameters ranged from 5 to 12 percent in various brain regions except in one parasagittal parietal probe-pair, in which it was 16 percent. A large difference was also obtained in the occipito-cerebellar area, probably because of anatomical variations of the transverse sinuses between the right and left side of the head.
Reproduciblllty
To assess the clinical reproducibility of the method the measurements were repeated after 30 minutes in 15 patients. Residual counts of the first run were subtracted from the second run before calculation of rCCT values. Between these 2 measurements the mean difference in percentage rCCT asymmetry for one detector pair varied from 1.7 ± 1.5 to 4.0 ± 3.5 SD; and respective rCCT reference values for these detector areas were 7.5 and 10.7 percent.
Specificity and Sensltirity
A pathological interhemispheric difference in at least one of the 4 rCCT parameters was found in 58 of the 65 patients with infarction (89 percent) and in 10 of the 77 controls (13 percent). The specificity and sensitivity of the method were thus high (table 2) 
Regional Circulation Time Changes
The number of patients with rCCT asymmetries in the various areas of infarction is shown in table 3. The mean number of abnormal transfer time findings per patient in the various regions of infarction is also shown. When all rCCT parameters were included the abnormal asymmetry was found in as many as 95 percent of the patients with infarction in the brain supplied by the middle cerebral artery. It is interesting that in 8 of the 10 patients with a homonymous visual field defect at least one disturbed circulation time difference was obtained.
The regional distribution of transfer time disturbances in the various areas of infarction is shown in figure 6 . It can be seen that abnormal rCCT values usually are in the area of infarction (at least one abnormal finding in 54 patients), but disturbances can also be seen in areas remote from the area of infarction (40 percent of the patients). Of 51 patients with infarction with pathological interhemispheric differences in transfer time (from the 4 calculated parameters best corresponding to the true cerebral circulation time as shown by Kuikka et al.
B
) 43 patients had slower times in some detector areas on the affected side. In this group of 43 patients, 16 had slower values also in the healthy cerebral hemisphere. In 8 of these 43 patients, including 5 with recent cerebral infarction, a shorter circulation time on the lesion side was the only abnormality found.
The magnitude of circulation change was greatest in the detector areas over the brain where the infarction was believed to be except in the occipital area in patients with visual field defect.
Clinical and Electroencephalographic Correlations
Pathological circulation asymmetries and their relation to various clinical and EEG findings in patients with infarction are shown in During the acute stage of infarction abnormal circulatory findings were more frequent than in old infarctions (p < 0.05). The amount of circulatory disturbances in different detector areas was at its maximum in the subacute stage. In the group with severe infarction more patients had abnormal circulatory asymmetries and in larger areas than in the group with mild infarction (p < 0.001). The number of abnormal circulatory findings in different brain areas showed a tendency to rise with the increasing age of the patients. In patients with a severely disturbed EEG abnormal circulatory changes were detected in significantly more brain regions than in patients with a normal EEG (p < 0.01). Some patients with a severely disturbed EEG (5 out of these 16) had no circulatory disturbances, but the other 11 patients had abnormal rCCT findings in a great number of detector areas. Circulatory asymmetry was observed in all patients with manifest diabetes and in more brain regions than in those without diabetes (p < 0.05). In patients with hypertension, circulatory changes in different detector areas were found less often than in patients without elevated blood pressure (p < 0.01). In the patients with occlusion of the internal carotid artery, rCCT changes occurred in significantly larger brain areas than in those without occlusion (p < 0.001).
Discussion
Cerebral blood flow measurements have been performed by both diffusible isotopes such as '"Xenon as well as relatively nondiffusible isotopes such as Technetium. In order to measure cerebral blood flow and circulation time a nondiffusible indicator is necessary.
Wm
Technetium is in routine use in brain scanning and, therefore, readily available for dynamic quantitative measurements.
Tc can be treated as a nondiffusible indicator during the first pass of the bolus, although later diffusion into extravascular tissue occurs. 16 
"
17 When intravenous injections are used the pertechnetate bolus is dispersed at varying rates and though this can be corrected some distortion is presumed to remain in the calculated transfer time values. Changes in systemic circulation time also have some influence on absolute cerebral circulation time values, but when calculating interhemispheric differences these disturbing effects usually can be avoided. For these reasons the interhemispheric circulation time difference was selected for evaluation in the present study.
Using a gamma camera and one technetium flow index, Moses et al. between focal regions in 48% and 74% of patients with cerebral ischemia respectively. Sensitivity of the method increased when the area of infarction was selected for analysis instead of using the whole hemisphere. Visual estimation of pertechnetate flow nearly doubles the number of abnormal findings in middle cerebral or carotid artery infarction.
18
"* 0 In our earlier studies of patients with supratentorial infarction using a gamma camera as a detector and measuring time activity curves from symmetrical frontoparietal or occipital regions, abnormal interhemispheric difference of transfer time was found only in 68 percent of the patients." Using the present multidetector method an abnormal difference of transfer time between the hemispheres could be seen in 78 percent of the patients with infarction, and in 89 percent of patients when all 4 different time parameters were used. The abnormal rCCT asymmetry was thus found in a high proportion of the patients with infarction in spite of the diaschisis phenomenon (bilaterally reduced cerebral blood flow up to 3 weeks following unilateral infarction." The sensitivity, specificity and accuracy of the present multidetector method were high, suggesting the usefulness of this system in evaluating hemodynamics in cerebral ischemia.
Abnormal rCCT asymmetry, at least in one parameter, was found in the area of infarction in 54 out of 65 patients, including 5 with faster circulation velocity in the infarcted area than contralaterally within 2 weeks after stroke. At that stage after infarction, focal luxury perfusion is seen in some patients. This phenomenon is characterized by an overabundant cerebral blood flow relative to the metabolic needs of the brain tissue. The present results suggest that in some of the patients with infarction circulation velocity may also be faster in the region of infarction than elsewhere, thus inverting the circulation time difference between the hemispheres. This presumably happened in the 5 patients with recent infarction in the present series. This is in agreement with the observation of Taveras et al. 28 that in acute and subacute stages of infarction, signs of focal hyperemia, consisting of early filling of veins or demonstration of a contrast stain, may be noted on angiography. Snow and Keynes" did not find time differences between the time activity curve peaks in one patient who nevertheless showed a high peak and plateau in the time activity curve indicating hyperperfusion.
Though most of the interhemispheric differences were in the presumed area of infarction, changes could also be seen in areas remote from the ischemic focus. This may have been due to compensatory circulation changes as well as pre-existing vascular abnormalities. In infarction in the brain supplied by the middle cere-bral artery the largest number of abnormal findings, as well as the largest interhemispheric differences, were seen in the middle temporal region, which corresponds well with earlier observations of regional cerebral perfusion changes in this area detected by intra-arterially injected xenon."-** In patients with infarction with homonymous visual field defects (10 patients) the distribution of the abnormal findings was quite different. Most of the differences were seen in the occipitocerebellar and 2 frontal brain areas. These latter areas are in the region of the motor and supplementary motor eye fields. In these areas during saccadic eye movements, cerebral blood flow increases." The magnitude of the abnormal findings in the occipital region was not great, which is at least partly due to anatomical variations of the transverse sinuses. The variation in size between the right and left transverse sinuses reduces the possibility of finding slight rCCT asymmetry in these areas.
During the acute phase and with severe infarction many patients had abnormal circulation disturbances in more areas than were found later and more areas than found in mild infarction. This corresponds with the perfusion changes demonstrated by xenon isotope cerebral blood flow studies. 18 There was a correlation between rCCT and EEG abnormalities. In patients with severely disturbed EEG circulatory asymmetries were found in more detector regions than in patients with a normal EEG. In some patients with a clearly disturbed EEG (mainly mild infarctions) normal rCCT findings were found. This may be due to the observation that in some infarctions there is a disassociation between brain metabolism and cerebral blood flow." In patients with manifest diabetes, circulatory changes were found in more brain areas than in patients without diabetes. Dandona et al. 80 have observed that diabetics without cerebrovascular accident evidence abnormal cerebrovascular reactivity.
Measurements of cerebral blood flow with diffusible isotope 1M Xenon are handicapped by technical difficulties. To obtain values for cerebral perfusion the partition coefficient for xenon between blood and brain must be known. This partition coefficient for a normal brain has been calculated and used with satisfactory precision, but it is impossible to estimate the coefficient accurately without biopsy in organic brain diseases. Moreover, poorly perfused brain areas may be overlooked and the perfusion values obtained are those for neighboring uninjured tissue. The disadvantages of the xenon technique can be partly avoided by using the technetium bolus technique for cerebral blood flow measurements.
-
lt Nonperfused areas greatly lower the count rates from healthy tissue behind the lesion resulting in the Technetium flowindex being diminished because it is calculated on the basis of the pertechnetate time activity curve area. By using conventional scintillation detector devices, the "looked through" phenomenon cannot be totally avoided. This problem can only be overcome by tomographic reconstruction techniques, such as those employed in positron emission tomography or single photon computer-reconstructed tomography.
Though most of the abnormal interhemispheric differences were in the infarcted area, the distribution of regional circulation time differences was rather heterogeneous in patients with infarction. This illustrates variations of intracerebral flow caused by infarction and collateral circulation. Although luxury perfusion and the diaschisis phenomena, as well as some influence of cross-over, of count rates between the hemispheres, especially in the temporal region, reduce rCCT asymmetry, the use of the present noninvasive external rCCT measurement allows detection of subtle regional circulatory changes in infarction.
